ABSTRACT In this paper, amorphous indium gallium zinc oxide (a-IGZO) thin film transistors (TFTs) using carbon nanotubes (CNTs) as source/drain/gate electrodes have been proposed and experimentally realized. Effect of the annealing temperature on the contact properties between a-IGZO and single-walled carbon nanotube (SWNT) electrodes, as well as the electrical properties of the a-IGZO TFTs have been investigated. The contact performance between SWNT electrodes and a-IGZO active layer has been improved by increasing the annealing temperature. The resulting a-IGZO TFT with SWNT electrodes shows an effective mobility of 8 cm 2 /V·s and an on/off current ratio of 1.9 × 10 7 under a drain voltage of 10 V. This SWNT-electrode a-IGZO TFT design makes it possible for CNTs as electrodes of the metal oxide TFT.
I. INTRODUCTION
Recently, amorphous indium gallium zinc oxide (a-IGZO) thin film transistors (TFTs) have been investigated widely for next-generation active-matrix flat panel display due to their advantages, such as higher carrier mobility compared with amorphous silicon (a-Si) (<1 cm 2 /V·s), larger area uniformity compared with polycrystalline silicon (poly-Si), and high transparency [1] . Especially, a-IGZO TFTs applied to flexible and transparent electronics have attracted extensive attention [2] . Up to now, metal electrodes such as molybdenum (Mo) [3] and aluminum (Al) [4] have been widely used in a-IGZO TFTs. However, these metals cannot work as transparent electrodes due to their optical opacity although they exhibit good ohmic contact with a-IGZO. Indium tin oxide (ITO) [5] is commercially used as transparent conductive film. Indium zinc oxide (IZO) [6] and a-IGZO [7] - [9] have also been investigated as the electrodes in a-IGZO TFTs. However, the fabrications of these electrodes are facing more and more severe challenges since the element indium in these electrodes is rarer and rarer and fabricating these transparent electrodes usually needs expensive magnetron sputtering coating process. Besides, indium is toxic. Moreover, these transparent oxide electrodes are brittle. The flexural endurance of the obtained film cannot match the requirements of the flexible and stretchable electronic applications. Therefore, it is urgent to find a conductive material which is transparent, flexible, low-cost and easy for integration with the flexible platform.
Some researchers used graphene as source and drain electrodes in a-IGZO TFTs because graphene exhibits semi-metal properties with a zero bandgap, high transparency, and good flexibility [10] , [11] . However, electrodes of these TFTs still included a layer of oxide film or metal, which still suffer the similar problems as above. Besides, monolayer transfer process of graphene as electrodes is very complicate.
On the other hand, carbon nanotube (CNT) films have been investigated for transparent and flexible electronic applications because their conductivity and optical transparency are comparable to ITO films in addition to their flexibility, robustness and environmental resistance [12] . These advantages make CNTs promising to replace conventional indium-based transparent electrodes.
In this paper, CNT films have been proposed to work as source/drain/gate electrodes of a-IGZO TFTs. Electrodes of single-walled carbon nanotube (SWNT) films have been fabricated by a simple and producible method of spin-coating. A process integration for the SWNT-electrode a-IGZO TFTs has been realized. An annealing treatment has been studied to improve its properties. 
II. DEVICE STRUCTURE AND REALIZATION
The schematic diagram of the bottom-gate a-IGZO TFTs is shown in Fig. 1(a) . The TFTs were fabricated on a silicon dioxide/silicon (SiO 2 /Si) substrate. After the substrate was cleaned, aqueous solution (Timesnano) including both metallic and semiconducting SWNTs was spin-coated on the substrate twice to form a compact SWNT film. The substrate was then baked on a hot plate at 120 • C for 2 minutes to evaporate the water and organic solvents. After that, the SWNT film was patterned by photolithography and oxygen (O 2 ) plasma etching to form the gate electrode. A 200 nmthick SiO 2 film was then deposited as the gate dielectric by plasma enhanced chemical vapor deposition (PECVD). After that, a 40 nm-thick a-IGZO layer was deposited by direct current sputtering onto the wafer to form the active area, which was patterned by photolithography and wet etching. Next, the same film process as the gate electrode formation was carried out to form the source and drain electrodes using SWNT film. Finally, the gate dielectric on the pad region of the gate electrodes (G(SWNTs )in Fig. 1(b) ) was removed by carbon tetrafluoride (CF 4 )/O 2 plasma. After the fabrication, the devices were treated by annealing in nitrogen (N 2 ) ambient for 40 minutes at 250 • C. Fig. 1(b) shows the top-view scanning electron microscope (SEM) image of the resulting SWNT-electrode a-IGZO TFT. The cross-section (the location and direction as indicated by the mark in Fig. 1(b) ) SEM image of the TFT is shown in Fig. 1 (c), which shows that the thickness of the SWNT electrodes is approximately 10 nm. Fig. 1(d) shows the top-view SEM image of the SWNT electrodes. Besides, the optical transmittance of the SWNT electrodes used in these devices is approximately 90% and the sheet resistance of the SWNT films is approximately 1500 ·sq −1 . The electrical characteristics of the TFTs were measured by Agilent B1500 semiconductor parameter analyzer.
III. ELECTRICAL CHARACTERIZATION AND DISCUSSION
A series of a-IGZO TFTs with Mo electrodes were also fabricated by similar process as comparison. Fig. 2(a) shows the transfer characteristics of the fabricated a-IGZO TFT with different channel length after annealing at 250 • C. The SWNT-electrode TFT with channel width/length = 100/100 µm exhibits an on/off current ratio of 1.6 × 10 6 and an effective mobility of 1.7 cm 2 /V·s, which was calculated by Equation (1),
where μ eff is effective mobility of the device which shows the current drivability of the device, g m is transconductance, L is channel length, W is channel width, C ox is gate capacitance, and V D is drain voltage. Fig. 2 (a) also shows that the on-current of the TFTs has not shown significant difference for different channel length, indicating that the effect of channel length modulation on oncurrent of the TFTs was weakened. From Fig. 2(b) , output characteristics of the SWNT -electrode TFT do not exhibit clear linear region, but show significant current crowding at low drain voltage, indicating a large series resistance. The series resistance is the contact resistance R SD between a-IGZO and SWNT films.
R SD could come from three sources. Firstly, the work function of the SWNTs is approximately 5.05 eV [13] , while the work function of the a-IGZO is approximately 4.25 eV [6] . Therefore, a barrier exists in the contact between SWNTs and a-IGZO, which affect the carrier transport. Secondly, every SWNT is possibly surrounded by the remnant dispersant which affects the contact at the SWNT-IGZO interface. Thirdly, the surface of a-IGZO at the SWNT-IGZO interface is uneven, leading to a bad contact. These above three factors contribute the contact barrier resulting in the large R SD .
The SWNT-electrode TFTs were treated by higher temperature annealing in N 2 ambient to improve the contact 412 VOLUME 5, NO. 5, SEPTEMBER 2017 between SWNT electrodes and a-IGZO layer so as to reduce the contact resistance R SD . After the annealing, the local atom ordering is enhanced, the surface of a-IGZO films becomes smoother and more uniform as a result of thermally activated atom diffusion [14] , [15] , and the remaining dispersant around the SWNTs is removed more completely, which reduce the contact resistance between a-IGZO and SWNTs. In addition, the electrical properties of the devices could be further improved by the increased oxygen vacancies due to higher temperature annealing, which increases the carrier density of the a-IGZO [14] , [15] . Fig. 3(a) shows that the transfer characteristics of the SWNT electrode a-IGZO TFTs vary with different annealing temperatures. As the annealing temperature increases, the oncurrent increases. The TFT after annealing at 450 • C exhibits an on/off current ratio of 1.9×10 7 . Fig. 3(b) shows the corresponding output characteristics of the TFT after annealing at 450 • C. The output characteristics exhibit a clear linear region and the R SD is improved compared with Fig. 2(b) . A little current crowding still exists at the low drain voltage, which means a little series contact resistance still exists. Fig. 3(c) shows the output characteristics of the a-IGZO TFTs with Mo electrodes as comparison. From Fig. 3(b), Fig. 2(b) and Fig. 3(c) , a significant increases have been achieved after 450 • C annealing compared with 250 • C one for both Mo-electrode and SWNT-electrode TFTs, indicating that the carrier density is increased by the annealing leading to the increase in current. At the same time, the barrier height after 450 • C annealing was reduced by approximately 0.39 eV compared with that after 250 • C one for the SWNT-electrode from I-V curves, which could result in lower contact resistance between a-IGZO and SWNT electrodes and the increase in current. Fig. 3(d) shows the relations between the channel-width normalized on-state resistance (R ON ) and channel length after different temperature annealing. R ON can be approximated as the sum of an L-dependent channel resistance and an L-independent contact resistance R SD . The R SD is decreased with the increasing annealing temperature, especially when the temperature is over 350 • C. The R SD of the TFTs after annealing at 350 • C is about 10000 -cm, and the R SD of the TFTs after annealing at 400 • C and 450 • C are 3846 -cm and 3281 -cm extracted by the transfer line method, respectively. After the higher temperature annealing, the local atom ordering is enhanced, the surface of a-IGZO films becomes smoother and more uniform as a result of thermally activated atom diffusion [14] , [15] , and the remaining dispersant around SWNTs is removed more completely, which reduce the contact resistance between a-IGZO and SWNTs. Fig. 3(e) shows the channel-width-normalized onstate resistance of the SWNT-electrode a-IGZO TFT and the Mo-electrode a-IGZO TFT under annealing 450 • C as a function of channel length at different gate voltage. The R SD of the Mo-electrode a-IGZO TFT extracted by transfer line method is 40 -cm. From Fig. 3(e) , although the R SD of the SWNT-electrode a-IGZO TFT after the high temperature annealing has been greatly improved, there is still a certain gap compared to the R SD of the Mo-electrode a-IGZO TFT. From Fig. 3(f) , the μ eff increases as the channel length increases, demonstrating that contact resistance dominates the μ eff calculation for the TFTs at short channel length. The μ eff increases significantly as the temperature increases due to the decreased R SD and increased oxygen vacancies. The μ eff of the fabricated SWNT-electrode a-IGZO TFT with W/L = 100/100 µm is 8 cm 2 /V·s close to the μ eff of 10.4 cm 2 /V·s of the Mo-electrode a-IGZO TFT after annealing at 450 • C. Fig. 4(a) shows the hysteresis characteristics. Hysteresis of the SWNT-electrode a-IGZO TFT is measured to be approximately 1.4 V because charges were trapped within gate insulator and at the interfaces between two layers. Fig. 4(b) shows the effect of a positive gate bias stress (PBS) on transfer characteristics of the SWNT-electrode a-IGZO TFT. In the case of PBS, the transfer characteristics shift about 4 V after 2000 s. Fig. 4(c) shows the effect of a positive gate bias stress (NBS) on transfer characteristics of the SWNT-electrode a-IGZO TFT. In the case of NBS, the transfer characteristics only shift about 0.9 V after 2000 s.
IV. CONCLUSION
The a-IGZO TFTs using SWNT films as electrodes have been proposed for the first time in this letter. The process of the SWNT electrodes is compatible with a-IGZO platform for this structure design. By increasing the annealing temperature, the contact resistance between SWNT electrodes and a-IGZO channel is reduced. Meanwhile, the effective mobility and on/off current ratio of the SWNT-electrode TFTs are also improved significantly. 
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